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1.  Introduction  and  Background 


Two-dimensional  (2-D)  nanomaterials  have  recently  attracted  much  attention 
because  of  their  unique  electronic  and  mechanical  properties  not  found  in  their  bulk 
counterparts.^"^  Graphene  and  hexagonal  boron  nitride  (hBN)  are  2  honeycomb 
lattice  2-D  materials  that  make  up  the  bulk  of  the  most  recent  literature. The 
excellent  thermal,  mechanical,  and  electrical  properties,  along  with  their  numerous 
synthesis  routes,  make  graphene  and  hBN  ideal  building  blocks  for  2-D  material 
infrastructure.  Another  2-D  material  that  is  being  studied  more  recently  is  nanoscale 
bismuth  telluride  (BiiTes).  The  unique  surface  states  and  the  material’s  ability  to 
act  as  a  topological  insulator  make  BbTes  a  suitable  choice  for  coupling  with 
graphene/hBN  systems. Although  much  work  has  been  carried  out  on  the 
individual  growth  and  optimization  of  graphene,  hBN,  and  Bi2Te3,  a  single  system 
that  is  capable  of  synthesizing  each  material  has  yet  to  be  realized.  The  ability  to 
fabricate  structures  based  on  the  integration  of  these  materials  relies  on  the 
scalability  and  cost  to  produce  the  individual  components.  Having  infrastructure 
that  is  capable  of  producing  high-quality  materials  that  are  reproducible  will  be  a 
key  factor  in  rapid,  low-cost  device  manufacturing.  The  promise  for  the  integration 
of  these  materials  lies  in  the  ability  to  use  a  single  tube  furnace  system  to  synthesize 
each  individual  component. 

In  the  present  work,  graphene,  hBN,  and  Bi2Te3  have  been  synthesized  and 
optimized  using  a  hot-wall  tube  furnace  system.  Methods  for  device  transfer  have 
also  been  optimized  using  either  polymer-assisted  or  wet  chemical  techniques. 
Various  characterization  techniques  have  also  been  performed  to  determine 
material  quality  and  structure.  This  study  will  lay  the  framework  for  the 
development  of  a  2-D  nanomaterial  infrastructure  across  a  broad  depth  of 
institutions,  including  academia,  government,  and  industry. 

2.  Materials  and  Methods 


Copper  foils  (25  pm,  99.8%)  were  purchased  from  Alfa  Aesar  and  electropolished 
prior  to  growth. 

Ethanol,  isopropyl  alcohol,  urea,  and  phosphoric  acid  were  purchased  from  Sigma- 
Aldrich  (St.  Louis,  MO)  and  used  as  received.  For  material  precursors,  Bi2Te3 
powder  (733482-5G)  and  ammonia  borane  (682098-10G)  were  used  as  received. 

A  1-inch  split  tube  furnace  (MTI  OTF-1200X)  with  1-m  quartz  tubes  was  used  for 
material  synthesis.  A  3 -channel  mass  flow  controller  (MTI  Corp.)  was  used  to 
control  gas  flow  rates.  The  precursor  gases  were  purchased  from  Airgas  with 
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composition  and  purity  as  follows;  H2  (99.999%),  Ar  (99.999%),  and  CH4 
(99.999%). 

The  domain  size  and  shape  of  the  synthesized  materials  were  characterized  using 
an  Olympus  OLS3100  utilizing  a  confocal  laser  scanning  microscopy  (CLSM) 
technique.  A  405-nm  laser  was  used  as  the  excitation  source  and  intensity  were 
adjusted  based  on  sample  reflectance.  To  increase  the  contrast  between  the 
graphene  and  copper  foil,  samples  were  thermally  annealed  in  air  at  200  °C  for 
10  s.  Raman  spectra  were  taken  using  a  Horiba  LabRAM  ARAMAS  system  with 
an  excitation  wavelength  of  532  nm.  Scanning  electron  microscopy  (SEM)  images 
were  taken  with  a  Hitachi  S4700  microscope.  Transmission  electron  microscopy 
(TEM)  was  carried  out  using  a  JEOL  2100  microscope. 

3.  Results  and  Discussion 


3.1  Copper  Foil  Preparation 

Copper  foils  (Alfa  Aesar,  25  pm,  99.8%)  were  cleaned  and  degreased  using  an 
acetone,  isopropyl  alcohol,  and  milli-Q  water  rinse  process  prior  to  polishing.  This 
procedure  involves  sequential  dipping  of  the  foils  in  each  solution  until  the  surface 
is  fully  wetted.  After  a  final  rinse  in  milli-Q,  the  foils  are  immediately  placed  on 
the  polishing  unit.  Reducing  the  copper  surface  roughness  was  carried  out  using  a 
Struers  Lectropol  5  automatic  electropolishing  unit.  A  mixture  comprising  330  mL 
of  deionized,  distilled  (DDI)  water,  167  mL  of  orthophosphoric  acid,  167  mL  of 
ethanol,  33  mL  of  isopropyl  alcohol,  and  3.3  g  of  urea  was  used  as  the  polishing 
electrolyte  solution.  Copper  foils  were  prepared  with  an  electropolished  sample 
area  of  5  cm^.  Electropolishing  was  performed  across  a  potential  of  8  V  with  a 
constant  flow  rate  of  12  for  the  designated  polishing  time.  After  polishing,  samples 
were  rinsed  by  sequential  dipping  in  a  DDI  bath  followed  by  a  final  rinse  with 
isopropyl  alcohol.  Samples  were  then  dried  with  a  soft  stream  of  nitrogen. 

3.2  Graphene  Synthesis  and  Transfer 

Graphene  domains  were  synthesized  using  a  low-pressure  chemical  vapor 
deposition  technique.  After  polishing,  copper  samples  were  loaded  into  a  1-inch 
quartz  tube  furnace  and  evacuated  to  the  base  vacuum  pressure  of  50  mTorr.  A 
picture  of  the  system  is  shown  in  Lig.  1.  Hydrogen  was  then  introduced  into  the 
system,  resulting  in  a  chamber  pressure  of  350  mTorr.  Samples  were  then  rapidly 
heated  to  1,060  °C  by  moving  the  foils  within  the  heated  zone  of  the  furnace  and 
annealed  for  30  min  in  a  hydrogen  environment.  Lor  full  coverage  graphene, 
methane  was  then  introduced  into  the  system  at  a  pressure  of  150  mTorr  for  20  min. 
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Growth  can  be  stopped  from  1  to  5  min  for  nueleation.  A  schematic  of  the  growth 
profile  is  shown  in  Fig.  2. 


Fig.  1  Chemical  vapor  deposition  (CVD)  furnace  showing  vacuum  lines  and  temperature 
controller 


•  Total  chamber  pressure  for  growth 
is;  350mtorr  +  tSOmtorr  =  SOOmtorr 

Fig.  2  Growth  profile  for  single  layer  graphene  on  copper  via  CVD 


After  growth,  methane  was  shut  off  and  samples  were  rapidly  cooled  (100  °C/min) 
to  room  temperature  in  a  hydrogen  atmosphere.  A  polymer-assisted  method  was 
used  for  graphene  transfer.  Briefly,  1  wt  %  poly(bisphenol  A)  earbonate  (PC) 
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in  chloroform  was  spin  coated  (5,000  rpm  for  1  min)  on  a  graphene/copper  foil 
sample.  Samples  were  then  floated  on  top  of  a  0.1 -M  solution  of  ammonium 
persulfate  for  approximately  2  h  until  no  copper  was  visible.  After  which,  samples 
were  rinsed  in  3  suecessive  baths  of  DDI  water.  Samples  were  then  transferred  to 
silieon  dioxide/silicon  (SiOi/Si)  (285  of  nm  thermal  oxide)  and  allowed  to  dry  in 
air.  Polymer  was  then  removed  by  rinsing  the  sample  with  ehloroform  and  blow 
drying  with  nitrogen.  To  fabrieated  multilayer  graphene  samples,  a  stacking 
technique  can  be  used.  The  proeedure  is  similar  to  the  normal  transfer  proeess.  After 
going  through  the  final  rinsing  proeedure,  a  polymer/graphene  staek  is  floating  on 
top  of  the  DDI  water  surfaee.  Instead  of  removing  the  stack  with  the  target 
substrate,  a  graphene/copper  foil  substrate  (graphene  side  up)  ean  be  used  to  remove 
the  layer.  This  will  result  in  the  following  stacking  order  (top  to  bottom): 
polymer/graphene  layer  1 /graphene  layer  2/eopper.  The  substrate  should  then  be 
allowed  to  dry  in  air  until  the  top  polymer/graphene  layer  is  well  adhered  to  the 
bottom  substrate.  This  is  evidenced  when  there  are  no  wrinkles  in  the  polymer  film. 
After  drying,  a  seeond  layer  of  polymer  should  be  spin  coated  on  top  of  the 
substrate.  This  will  provide  extra  support  and  ensure  that  all  graphene  is  transferred. 
The  copper  foil  can  then  be  etched  away  and  the  substrate  rinsed  using  the  normal 
proeedure.  This  process  can  be  repeated  for  additional  layers  of  graphene. 

Graphene  quality,  domain  size,  and  structure  eharacterization  were  earned  out 
using  Raman  speetroscopy,  and  optieal  and  electron  microscopy.  Figure  3  outlines 
the  characterization  for  graphene  domains.  For  rapid  optieal  characterization  of  the 
domains  directly  on  copper,  the  foils  ean  be  annealed  in  air  at  160  °C  for  5  min. 
This  thermal  treatment  results  in  the  growth  of  an  oxide  layer  where  the  eopper  is 
not  protected  by  the  graphene.  The  resulting  contrast  between  the  graphene- 
protected  eopper  and  the  oxidized  copper  makes  it  easy  to  distinguish  the  size  and 
shape  of  the  domains  using  white  light. 

CLSM  is  a  technique  that  uses  stacked  2-D  images  to  ereate  a  3-D  profile.  Using 
the  raw  refieeted  light  intensity,^^  one  can  image  the  formation  of  graphene 
adlayers,  as  shown  in  Fig.  3a.  This  technique  does  not  aehieve  the  resolution 
afforded  with  SEM;  however,  the  high-throughput  nature  of  the  eharacterization 
(-'5  min)  makes  it  a  valuable  method  for  system  optimization.  Graphene  adlayers 
can  also  be  readily  imaged  in  white  light  by  transferring  the  domains  onto  285-nm 
Si02/Si  substrate.  Graphene  domains  transferred  onto  SiOi/Si  are  shown  in  Fig  3b. 
The  unique  optieal  interference  between  the  graphene  and  oxide  layer  make  the 
domains  easily  distinguishable  against  the  underlying  substrate.^^“^^  For  higher- 
resolution  imaging,  SEM  ean  be  used.  Eigure  3e  shows  a  single  domain  and  the 
darker  adlayer  regions.  The  surface  sensitive  secondary  electrons  in  conjunction 
with  the  upper-level  detector  allow  for  high-resolution  images  of  the  domains  and 
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their  central  adlayers.  The  atomic  level  spacing  between  the  layers  makes  surface 
sensitive  SEM  characterization  the  ideal  method  for  determining  the  adlayer  size 
and  number  of  layers.  Raman  spectroscopy  is  another  technique  used  for 
determining  the  quality  of  the  graphene  as  well  as  the  number  of  layers.  The 
spectrum  for  single-  and  up  to  4-layer  graphene  are  shown  in  Fig  3d.  Graphene 
quality  can  be  quantified  by  determining  the  intensity  of  the  so-called  defect  peak, 
D  (1,350  cm“^),  relative  to  the  G  peak  (1,597  cm"').^^  The  graphene  in  our 
experiments  showed  very  little  signal  from  the  D  peak,  indicating  nearly  defect- 
free  domains.  Determining  the  number  of  layers  can  also  be  determined  by 
examining  the  ratio  of  the  2-D  peak  (2,700  cm"')  to  the  G  peak.^^  For  a  single  layer, 
this  ratio  is  between  2  and  4,  while  bilayer  graphene  has  a  1:1  ratio.  Additional 
layers  of  graphene  decrease  the  ratio  even  further  as  the  material  transitions  to  a 
more  bulk  state. 


Fig.  3  Characterization  of  graphene  domains  and  adlayers.  a)  Laser  scanning  image  of 
graphene  on  copper  foil.  The  inset  shows  the  corresponding  white  light  image,  h)  Graphene 
domains  transferred  to  285-nm  SiOi/Si.  c)  SEM  image  of  single  graphene  domain  with 
mnitiple  adlayers  formed  in  the  center,  d)  Raman  spectra  of  colored  regions  marked  in  (c). 


3.3  Hexagonal  Boron  Nitride  Synthesis  and  Transfer 

Hexagonal  boron  nitride  synthesis  was  carried  out  using  a  low-pressure  CVD 
technique.  Polished  copper  foils  were  loaded  into  a  1-inch  quartz  furnace  and 
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evacuated  to  the  base  vacuum  pressure  of  50  mTorr.  The  precursor  ammonia  borane 
powder  (5  mg)  was  placed  in  a  quartz  boat  and  positioned  30  cm  away  from  the 
center  of  the  hot  zone  of  the  furnace.  Hydrogen  was  then  introduced  into  the  system, 
resulting  in  an  increase  of  chamber  pressure  to  450  mTorr.  Copper  foils  were  then 
annealed  for  30  min  in  a  hydrogen  atmosphere  by  moving  the  foils  into  the  heated 
zone  of  the  furnace.  The  ammonia  borane  was  then  heated  to  100  °C  using  a  heating 
belt,  and  argon  was  used  as  the  carrier  gas  with  a  chamber  partial  pressure  of  1  Torr. 
Full  coverage  films  can  be  attained  using  a  growth  time  of  5  min.  For  hBN 
nucleation,  growth  time  can  be  reduced  to  1  min.  After  growth,  the  heating  belt  was 
shut  off  along  with  the  argon.  The  foils  were  rapidly  cooled  (100  °C/min)  in  a 
hydrogen  environment  by  sliding  the  furnace  away  from  the  substrate.  Air  was  then 
used  to  purge  and  bring  the  system  back  to  atmospheric  pressure.  The  growth 
profile  is  outlined  in  Fig.  4. 


•  Total  chamber  pressure  for  growth 
is;  550mtorr  +  450mtorr  =  ttorr 

Fig.  4  Growth  profile  for  CVD  synthesis  of  hBN 

Transferring  hBN  is  accomplished  using  the  same  techniques  as  for  graphene 
transfer,  which  are  outlined  in  detail  in  Section  3.2. 

Characterizing  hBN  growth  is  achieved  most  readily  using  SEM.  Figure  5  shows 
multilayer  hBN  domains  synthesized  on  copper  foils  at  multiple  magnifications. 
The  triangular  shape  of  the  domains  is  a  result  of  the  nitrogen  terminated  edges. 

The  growth  of  full  coverage  films  is  evidenced  through  the  formation  of  wrinkles 
throughout  the  surface.  As  a  result  of  the  high-temperature  growth  process,  wrinkle 
formation  is  seen  in  the  hBN,  owing  to  the  difference  in  coefficient  of  thermal 
expansion  between  the  copper  foil  substrate  and  hBN  film.^^ 
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Fig.  5  SEM  characterization  of  hBN  on  copper  at  different  levels  of  magnification,  a)  10  K, 
b)  18  K,  c)  20  K,  and  d)  40  K.  The  red  arrows  indicate  wrinkles  in  the  film. 

Since  hBN  has  a  different  electronic  band  structure  compared  to  graphene,  the 
interference  between  hBN  and  SiOi/Si  is  mueh  less  pronounced.^"^’^^  This  makes  it 
difficult  to  optically  identify  the  individual  domains. 

3.4  Bismuth  Telluride  Synthesis  and  Transfer 

A  physical  vapor  deposition  (PVD)  proeess  was  used  to  synthesize  BbTes 
nanoplates.  The  mechanism  of  formation  for  nanoplates  is  governed  via  vapor-solid 
proeesses.^^  The  precursor  powder  is  heated  near  the  melting  point,  causing 
material  vaporization.  The  carrier  gas  then  transports  the  heated  vapor  along  the 
direction  of  flow.  The  vaporized  material  is  then  deposited  outside  the  heating  zone 
on  the  tube  and  target  substrates.  In  this  work,  piranha-etched  Si02/Si  and  Si  wafers 
were  used  as  growth  substrates.  A  typieal  piranha  cleaning  involves  a  3:1  mixture 
of  sulfuric  acid  to  hydrogen  peroxide.  This  mixture  is  highly  dangerous  and  should 
be  handled  using  appropriate  personal  proteetion  equipment. 

To  begin,  the  wafers  should  be  precleaned  in  an  acetone  bath  under  sonication  for 
30  min.  This  will  remove  any  residue  left  from  the  backside  adhesive  along  with 
loose  contaminants.  Sulfuric  acid  should  then  be  added  to  a  separate  container. 
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followed  by  slowly  pouring  hydrogen  peroxide  into  the  solution.  The  mixture  will 
get  hot  (120  °C)  and  may  bubble.  After  adding  the  hydrogen  peroxide,  immediately 
add  the  wafers.  Allow  10  min  for  cleaning,  then  carefully  remove  substrates  from 
the  solution,  rinse  with  DDI,  and  dry  with  nitrogen.  The  substrates  are  now  ready 
for  growth. 

Growth  is  carried  out  in  a  1-inch  tube  furnace.  The  growth  profile  is  outlined  in 
Fig.  6.  Prior  to  adding  substrates  to  the  furnace,  0.2  mg  of  BiiTes  precursor  was 
weighed  and  placed  into  a  ceramic  boat.  The  substrates  were  then  placed  inside  the 
tube,  10  cm  away  from  the  center  of  the  heat  zone.  The  precursor  was  then  placed 
in  the  middle  of  the  heat  zone.  The  optimum  furnace  setup  for  nanoplate  growth  is 
shown  in  Fig.  7. 

4.43torr  Ar 


•  Total  chamber  pressure  throughout 
experiment  is:  4.43torr 

Fig.  6  Growth  profile  for  vapor  transport  synthesis  of  BhTes 


Fig.  7  Snhstrate  placement  and  position  relative  to  flow  direction  for  BhTes  synthesis 
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The  tube  was  pumped  down  to  a  vacuum  pressure  of  50  mTorr;  500  standard  cubic 
centimeters  per  minute  of  argon  was  then  introduced  into  the  system,  resulting  in  a 
chamber  pressure  of  4.43  Torr.  This  condition  was  used  throughout  the  heating, 
growth,  and  cool-down  portions  of  the  synthesis.  The  chamber  was  then  heated  to 
460  °C  in  25  min.  The  system  was  held  at  that  temperature  for  20  min  for  nanoplate 
formation.  The  system  was  then  allowed  to  cool  down  naturally  to  room 
temperature.  Figure  8  shows  the  synthesized  BiiTes  nanoplates. 


Fig.  8  Characterization  of  BhTes  nanoplates,  a)  Optical  micrograph  of  hexagonal  and 
triangnlar-shaped  plates  on  285  nm  of  SiOi/Si.  The  inset  shows  the  corresponding  CLSM 
image,  h)  SEM  image  of  plates  synthesized  on  Si.  c)  TEM  image  of  hexagonal  plate  showing 
well-defined  edges,  d)  EDS  spectrnm  of  plate  shown  in  (c).  The  inset  shows  the  corresponding 
Raman  spectra. 


Most  of  the  characterization  techniques  can  be  carried  out  using  the  Si  or  SiOi/Si 
growth  substrates.  However,  for  TEM  and  additional  experiments,  the  nanoplates 
must  be  transferred  to  appropriate  substrates.  This  can  be  accomplished  using  a 
cellulose  acetate  transfer  film  method.  A  detailed  procedure  for  transfer  is 
published  elsewhere. In  brief,  several  drops  of  acetone  are  placed  on  the  sample 
surface.  Before  the  acetone  is  allowed  to  evaporate,  an  acetate  film  is  placed  on  the 
surface  carefully  from  one  end  to  the  other.  Surface  tension  allows  the  film  to  be 
pulled  to  the  surface,  reducing  the  formation  of  bubbles.  After  drying  for 
approximately  30  min,  the  acetate  film  is  carefully  removed  from  the  surface.  This 
acetate  film  contains  the  synthesized  materials  and  does  not  damage  the  sample. 
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This  film  can  then  be  plaeed,  sample  side  facing  down,  on  the  target  substrate.  After 
placing  on  the  target  substrate,  acetone  is  dropped  on  the  film  and  allowed  to  absorb 
into  the  aeetate.  The  sample  ean  then  be  rinsed  in  successive  baths  of  aeetone  to 
remove  the  transfer  film. 

4.  Summary  and  Conclusions 

In  the  current  study,  graphene,  hBN,  and  BiiTes  have  been  synthesized  using  CVD 
and  PVD  techniques.  Transfer  of  materials  was  aceomplished  using  polymer  and 
acetate-assisted  methods.  Optieal,  speetral,  and  electron  microscopy  techniques 
were  then  used  for  characterization.  This  work  provides  detailed  procedures  for  the 
development  of  2-D  nanomaterial  infrastrueture  using  a  single  tube  furnace  system. 
Additional  experiments  can  be  carried  out  using  this  methodology  to  create  tailored 
materials  for  applications  in  energy  harvesting  and  storage,  water  filtration,  and 
eleetronies. 
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List  of  Symbols,  Abbreviations,  and  Acronyms 


2-D 

2-dimensional 

Ar 

argon 

BbTes 

bismuth  telluride 

DDI 

deionized,  distilled 

CLSM 

eonfocal  laser  seanning  microseopy 

CVD 

ehemieal  vapor  deposition 

hBN 

hexagonal  boron  nitride 

H2 

hydrogen 

PC 

poly  (bisphenol  A)  earbonate 

PVD 

physieal  vapor  deposition 

SEM 

scanning  electron  microscopy 

Si 

silicon 

Si02 

silicon  dioxide 

TEM 

transmission  electron  microscopy 
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